Two-dimensional (2D) hydraulic models are widely used as tools for flood hazard mapping and also to support flood risk management. Yet, only few models are capable of using high-resolution terrain data (raster-based Digital Terrain Model with 1 m spatial resolution) on a large scale (hundreds of square kilometres and more). Central to the model approach presented in this article is the raster-based 2D model High Performance Computing version of FloodArea (FloodAreaHPC), which allows for multicore processing, thus being able to model large areas without having to make compromises regarding spatial details. The model has been applied for inundation modelling of rivers, dike breaks, and heavy rainfall runoff (pluvial flooding). For the latter case, the model is coupled with a hydrologic preprocessor data base which provides spatially and temporally variable runoff coefficients based on land use, soil, and slope. The case study presented in this study has an area of 144 km 2 and is located close to Dortmund in Western Germany. The modelling results of two heavy rainfall scenarios, presented in analogue and digital flood hazard maps, were used in a Public Relations (PR) campaign to inform the public about pluvial flood risk and possible mitigation measures.
Introduction
In the last decades, flood-related research and governmental action in Europe were mainly focused on large river floods with damage sums of up to several billions of Euros for a single event (Barredo, 2007; Thieken et al., 2007) . Analyses of several flood events, however, revealed that a large proportion of flooding was not associated with fluvial flooding, but occurred away from any rivers in areas usually not known for being flood-prone (Einfalt et al., 2006; Hankin et al., 2008; Assmann et al., 2009; Spekkers et al., 2011; German Insurance Association, 2014) . Recent studies reveal that around 2 million people in the UK are at risk from pluvial flooding, i.e. flooding after heavy rainfall (Houston et al., 2011) . A study on prediction and management of flash floods in Germany, funded by the Federal Ministry of Education and Research, also came to the conclusion that although the events are often limited to a small scale compared to large fluvial floods, damages sum up to several million Euros per year in Germany, because of the large number of events (Einfalt et al., 2006) . The term 'flash floods' is frequently used synonymous to pluvial floods; however, the term pluvial flooding is preferred here. Both types of flooding occur after heavy rainfall when water cannot infiltrate fast enough or soils are saturated, frozen, compacted, or otherwise sealed. Although it is sometimes difficult to distinguish them, flash floods usually arise from the watercourse and involve high flow velocity and debris flow, whereas pluvial floods are related to overland flow that causes inundation before it enters a watercourse (EWA, 2009 ). Hazards arise from high flow velocities and deep ponding in natural or artificial depressions (e.g. underground car parks, underpasses, etc.).
Aside from a perceived increase of heavy rainfall events, which can in parts be ascribed to an increase in media coverage of extreme weather events, there are scientific findings that prove an increase in both frequency and intensity of heavy rainfall events since 1950 and suggest a likely further increase in the 21st century in the Emscher-Lippe region (Quirmbach et al., 2012) and in Europe in general (IPCC, 2014) .
To meet a need for new approaches to deal with increasing pluvial flood risk, various tools and methods have been proposed in the last 16 years. These methods range from rapid screening methods based on topographic analysis for large-scale preliminary hazard assessment (e.g. Diaz-Nietro et al., 2008; Hankin et al., 2008) to 2D hydrodynamic models and complex simulation models following the dual drainage concept (Djordjević et al., 1999) with a bidirectional coupling of a sewer model with an overland flow model (e.g. Hsu et al., 2000; Schmitt et al., 2004; Maksimovic et al., 2009; Lee et al., 2015; Nania et al., 2015) . Fewtrell et al. (2011) and Néelz and Pender (2013) provide not only overviews, but also systematic benchmark tests of models used for urban flood modelling in the UK. Most 2D hydraulic models numerically solve the shallow water equations, which provides a good representation of relevant hydraulic processes, but is at the same time computationally very demanding. Using the highest spatial resolution of topographic data that is available, only relatively small areas can be processed at a time. As there is a need to provide pluvial flood hazard and risk maps for large areas of several hundred square kilometres, the use of a full hydraulic model would require to reduce the spatial resolution of topographic input data, which in turn decreases the accuracy of the resulting flood extents and depths (Horritt and Bates, 2001; Petroselli, 2012; Almeida et al., 2016) .
Hence, the objective of this study is to present a methodology for large-scale pluvial flood hazard mapping using the highest spatial resolution of terrain data available, which in this case is a raster-based Digital Terrain Model (DTM) with 1 m spatial resolution. The model approach was applied within the frame of the EU INTERREG IV B project 'Future Cities -urban networks to face climate change ' (Future Cities, 2014) to provide pluvial flood hazard maps for the city of Unna in Germany. The 144 km 2 study area which includes the city of Unna and several smaller nearby communities is located in the eastern part of the densely populated Ruhr area, which is known for its long industrial and mining history.
Methods
There are two main methodologies in flood hazard mapping: event-based and continuous modelling. In fluvial flood hazard assessment, there are new approaches of applying continuous modelling using a coupled hydrologichydraulic model on a large scale (Pappenberger et al., 2012; Grimaldi et al., 2013a Grimaldi et al., ,2013b Giustarini et al., 2015) . The advantage compared to an event-based approach is that with a fully-continuous approach there is no need to use the concept of design hyetographs and design hydrographs.
Considering the aim of developing 'a methodology for large scale pluvial flood hazard mapping using the highest spatial resolution of terrain data available', a continuous model approach is not feasible yet, due to the computational effort involved with hydraulic modelling of overland flow on a 1-m resolution raster DTM over areas of more than 100 km 2 . The approach presented here focuses on using terrain data with the highest level of detail available, so that the resulting pluvial flood hazard maps are of maximum use for urban planning and all fields of flood risk management. Therefore, an eventbased model approach using predefined rainfall scenarios is chosen, being aware that the definition of appropriate rainfall scenarios is a difficult issue (refer Precipitation model: heavy rainfall scenarios and Discussion sections).
The model setup consists of three main parts: a precipitation model which defines the rainfall scenario, a hydrologic model, and a hydraulic model (Figure 1 ). These parts are described in more detail in Precipitation model: heavy rainfall scenarios, Hydrologic model: rainfall-runoff in urban and nonurban areas, and Raster-based 2D hydrodynamic model FloodArea sections. A more detailed flow chart of the workflow is provided in Figure 2 .
Input data used in the flood modelling process are listed in Table 1 . The DTM raster is derived from airborne Light Detection and Ranging (LiDAR) points with an average density of 1-4 points per square metre and has an overall vertical accuracy of AE0.15 m. Postprocessing of LiDAR data (e.g. point filtering) and generation of a raster DTM (including e.g. gap filling) are provided by the ordnance survey of the State of North Rhine-Westphalia. The 1-m raster DTM has to be further processed for hydraulic modelling purposes (as given in Preliminary flood modelling and DTM preparation section).
Precipitation model: heavy rainfall scenarios
A crucial part in pluvial flood modelling is the definition of rainfall input. In contrast to fluvial flooding, where long-term Figure 1 Schematic representation of the three-step modelling approach .
records of discharge data are often available, the definition of rainfall input representing specific flood return periods (e.g. HQ 100 ) is much more difficult. In the study presented here, heavy rainfall statistics published by the German Weather Service (KOSTRA-DWD) were consulted (DWD, 2005) . For the study area of Unna, the precipitation value for a return period of 100 years and 60-min duration is 45 mm.
Observations of several extreme rainfall events with up to 119 mm within 1 h and 203 mm within 4 h on 27 July 2008 in the nearby city of Dortmund and also in other parts of Germany indicate that there is an unknown number of events not being represented in the statistics because the events occur very locally and are not necessarily captured by rainfall gauges.
To account for a more extreme scenario, a second model run with 90 mm rainfall within 1 h was performed. Concerning the temporal rainfall distribution, the peak rainfall intensity was defined to occur towards the end of the 1 h rainfall period to represent a typical convective rainfall event (Figure 3 ). Direction and movement of the convective cell were not considered. 
Hydrologic model: rainfall-runoff in urban and nonurban areas
In the hydrologic model, effective precipitation is calculated based on land use, soil, and slope. Original land-use classes of the official ATKIS data set were reclassified, and Table 2 gives an overview of major land-use classes and their corresponding Strickler roughness coefficients (K St ). In urban areas, rainfall-runoff is mainly governed by impermeable surfaces, such as streets and other sealed surfaces and usually there is no information on soils available. Accordingly, a constant runoff coefficient of 1 is used for impermeable areas.
Other man-made modifications of the hydrological system in urban areas include urban drainage systems and subsurface channels. For culverts and subsurface channels in-and outlet points and maximum discharge are defined (as given in Preliminary flood modelling and DTM preparation section). For several reasons, the effect of the urban drainage network on storm runoff remains a difficult issue in the modelling process, due to missing or incomplete drainage network data and complexity of modelling. In FloodAreaHPC, there is the possibility to include a raster in which infiltration into the ground is specified. This raster could be modified in a way to represent the amount of water entering the sewer system with single raster cells representing manhole covers. In the case study Unna, however, sewer system data were only available for one city district. So it was requested by the client Lippeverband to not use sewer data, but to apply a simplified approach to account for water entering the sewer system.
In Germany, the design rainfall for sewer systems ranges from 3-to 10-year return period. In Unna, sewer systems are designed for a rainfall with a return period of 5 years. To approximate the effect of urban drainage, a value equivalent to this rainfall with a 5-year return period was subtracted from the input rainfall for all urban areas ( Figure 3 ). The design rainfall for sewer systems with a 5-year return period was chosen according to information provided by the city of Unna.
In suburban areas, there is a significant source of overland flow from areas with agricultural land use. Surface runoff can either directly enter properties and flood buildings or enter suburban areas and villages via roads acting as preferential flow paths ( Figure 14) . For agricultural and Figure 3 Hyetograph of the 90 mm within 1 h scenario. For builtup areas in Unna, a value of 45 mm/h is subtracted from the rainfall value as an equivalent of water entering the sewer system (rainfall event with 5-year return period). forest areas (nonurban land use), infiltration and surface runoff generation are calculated using a hydrologic preprocessor data base which provides runoff coefficients as input for the FloodArea simulation (Fritsch, 2011) . Depending on various soil parameters, infiltration and surface runoff are calculated based on Peschke's (1989, 1995) two-step variable rainfall intensity model, which is rooted in a combination of the simple Darcy (1856) principle and the Green and Ampt (1911) approach.
The advantage of this model is that effective precipitation is calculated for variable rainfall intensities with a simplified, yet physically based approach. It focuses on the point of saturation during the infiltration process which is described in two phases. During the first saturation phase, the total precipitation infiltrates into the soil until in the second phase (recession phase) rainfall intensity exceeds the infiltration capacity of the soil and surface runoff is generated (Figures 4 and 5) .
One assumption in the model is the development of a discontinuous wetting front during a precipitation event ( Figure 6 ). This approximation of soil water processes was first applied to an infiltration model by Green and Ampt (1911) . For saturated soil conditions, the physically based Darcy formula is applied, which assumes saturated water flow with no suction (Darcy, 1856) .
The point of saturation during a precipitation event is calculated for each soil type dependant on hydraulic pressure head, saturated hydraulic conductivity, and available soil porosity. After the point of saturation (recession phase), infiltration intensity f(t) and cumulative infiltration F(t) are calculated after Dyck and Peschke (1989; 1985) for predefined time steps as:
with F S = amount of infiltration during saturation (mm), f(t) = infiltration rate (mm/min), F(t) = cumulative infiltration (mm), t S = time interval until saturation, t = time step (min), k = hydraulic conductivity (mm/h). A and B are defined as:
with ψ = suction (mm). The model requires detailed soil data from which relevant soil parameters for each soil type are derived. Dependent on time and rainfall intensity, the preprocessor calculates runoff coefficient curves for each soil type (see Figure 4 Rainfall intensity according to the assumed hyetograph and corresponding infiltration rate for loamy sand according to the combined Darcy/Green-Ampt approach. Figure 5 In the saturation phase (0-18 min), the runoff coefficient is 0 with maximum infiltration for the soil type loamy sand. After the point of saturation at 18 min, infiltration decreases and the runoff coefficient increases accordingly. Peschke, 1989, 1995) . example in Figure 5 ). These are then combined with runoff coefficients for different land use and slope classes in a matrix and used as input for the simulation (Table 3) . Runoff coefficients dependent on slope were derived from the Highway Design Manual, published by the California Department of Transportation (Caltrans, 2015) . Final runoff coefficients are based on a regionalisation method developed by Lutz (1984) as an adaption of the Soil Conservation Service (SCS) Curve Number Method (USDA, 1986) for German conditions. The method of Lutz uses a variable runoff coefficient which approaches a defined maximum runoff coefficient during the rainfall event (Assmann et al., 1999) . The advantage of this method is that runoff coefficients vary spatially as well as temporally over the simulation period. Table 3 shows some examples from the three-dimensional runoff coefficient matrix derived from the parameters soil, land use, and slope. As a result, time-dependent runoff coefficient rasters are generated and used as input in the hydraulic modelling.
Raster-based 2D hydrodynamic model FloodArea
There exist various approaches to model overland flow which vary according to the complexity of the representation of hydraulic processes and input parameters. Common hydraulic models numerically solve the full or simplified versions of the shallow water equations (or St. Venant equations) using finite differences, finite elements, or finite volumes (Néelz and Pender, 2013) . As different authors (Bates and De Roo, 2000; Horritt and Bates, 2001 ) point out, there is a common belief that those models with the best (or most complex) representation of hydraulic processes deliver the best results. They show, however, that a simple raster-based model with a less complex representation of hydraulic processes is capable of delivering realistic results because faster calculation allows the use of very detailed terrain input data. Fewtrell et al. (2007 Fewtrell et al. ( , 2011 confirm that errors in topographic input data are much larger than differences between numerical approximations of overland flow hydraulics.
In this study, overland flow is modelled using FloodAreaHPC, a raster-based 2D hydrodynamic model which uses a simplified hydraulic approach and a high-resolution DTM as input data. The model was developed by the Geographic Information System (GIS) consulting company geomer GmbH in Heidelberg to calculate inundation areas for the Rhine Atlas (ICPR, 2014) and has since been used in numerous studies for flood plain, dike breach, and pluvial flood modelling (Anders et al., 2016; Assmann et al., 2009 Assmann et al., , 2013 Fritsch et al., 2016; Kropáček et al., 2015) . It is designed as an ArcGIS extension and makes use of some Spatial Analyst functions, although the main processing core works independently from ArcGIS (Geomer, 2013) .
In a cell-by-cell process, water depths are calculated based on water level or water depth input (Figure 8 ) based on cellular automata model theory (Wolfram, 1983) . Flow velocity V within a cell is calculated using the empirical GaucklerManning-Strickler equation for uniform flow (Manning, 1891; Strickler, 1923) . Under the assumption of uniform flow conditions, the bottom slope S equals the water surface slope and the slope of the energy grade line. The equation is valid for turbulent flow and does not represent hydraulic jumps. Average velocity V within a cell calculates as:
with hydraulic roughness coefficient (i.e. Strickler coefficient, K St ), hydraulic radius (R h ), and slope (S) towards the direction of flow. Hydraulic radius (R h ) is defined as the ratio between cross-sectional area (A) and wetted perimeter (P):
Discharge (Q) for each cell is calculated by multiplying velocity (V) with cross-sectional area (A):
Appropriate values of K St for different land surfaces can be found in literature, e.g. by Chow (1959) or Engman (1986) , as per Table 2 . As flow velocities are linearly related to the roughness parameter, values should be chosen with great care. In a grid based model, the hydraulic radius equals the width of one grid cell (here: 1 m) plus two times the flow depth in the grid cell (Figure 7) . The flow depth in a grid cell (a) during an iteration interval equals the difference between water level and maximum terrain elevation of the neighbouring cell (b). flow depth = water level a − max elevation a , elevation b ð Þ ð 8Þ The inclination of the water level -and thus the direction of flow (aspect) -is determined in each iteration step and the steepest slope to one of the eight neighbour cells is The method to determine flow directions plays a crucial role in order to get realistic flow paths and a realistic representation of overland flow, especially in flat areas. The simplest approach is the D8 algorithm (O'Callaghan and Mark, 1984) , where water can flow from one cell to one of the neighbouring cells (one-dimensional). In areas with divergent flow and low inclination, however, the limitation of eight possible flow directions results in unrealistic flow patterns. Multiple flow direction algorithms (Freeman, 1991; Quinn et al., 1991) try to overcome this drawback by allowing water to flow to two or more neighbouring cells. To avoid the unrealistically high dispersion effects produced by multiple flow direction algorithms, Tarboton (1997) introduced the D∞ or Dinf algorithm. Flow direction is determined as the direction of the steepest slope on planar triangular facets (see Figure 7 (a)) and are coded as continuous flow direction angle. Flow is distributed to two neighbour cells according to the proportion given by α 1 and α 2 . In the example provided in Figure 8(a) , the proportion of flow from the centre cell to cell 2 is calculated as follows:
Proportion of flow to cell 2 = α 1
To reduce calculation time, flow directions in FloodAreaHPC are limited to 16 fixed angles (Figure 8(b) ) and the proportion of flow distribution is stored in a lookup table. To avoid oscillation effects from one calculation interval to the next, the user can adjust the maximum exchange rate (in %) of flow between cells used in each iteration step (Figure 9 ). The maximum exchange rate determines the iteration interval and thus the duration of the simulation. For the simulations in this study, an exchange rate of 0.1% was used. Figure 7 In the hydrologic preprocessor data base, infiltration is calculated based on soil parameters and the resulting runoff coefficient is combined with runoff coefficients based on land use and slope. For built-up areas, a blanket value is subtracted from rainfall as an equivalent of water entering the sewer system. Final runoff coefficients (0-1) are calculated for six time steps and used as input in FloodAreaHPC.
In order to be able to model large areas, FloodAreaHPC version has been developed, allowing for multicore processing, resulting in reduced computation times (Assmann et al., 2007) . The software automatically splits the DTM into tiles and distributes them to the processing cores (Figure 10 ). The number of cores and thus the model area are basically not limited. The model runs were performed on an Intelbased PC with 16 physical cores and 32 GB RAM. For an area of 144 km 2 (=144 million raster cells) and a simulated time of 3 h, calculation time added up to 92 h for each model run.
The result of pluvial flood modelling is shown in a subset of the pluvial flood hazard map in Figure 13 , which was produced for the city of Unna in the Future Cities Project. The modelling approach described here can also be used to assess the effectiveness of runoff retention measures.
Preliminary flood modelling and DTM preparation
A general method of preliminary flood hazard assessment is to identify sinks and flow paths based on topographical analysis of a raster DTM using standard GIS tools (DiazNietro et al., 2008; Hankin et al., 2008) . The approach used in this study was to perform a preliminary flood modelling with FloodAreaHPC to identify culverts, missing topographical structures, flow barriers, and other deficiencies in the original DTM. In this model run, the hydrologic model was not used, but instead a runoff coefficient of 0.5 was applied to the whole area.
As the example in Figure 11 (a) shows, underbridges are not represented well in the original DTM and have to be modified for the final modelling. The reason for this J Flood Risk Management 11 (2018) S1024-S1037deficiency is that points in the LiDAR raw data representing bridges are filtered and not used for DTM generation. These 'gaps' in the DTM are interpolated, but this interpolation is not optimal and causes unrealistic flow patterns or backwater effects. Using GIS tools, these structures are optimised in the DTM resulting in more realistic overland flow in these areas (Figure 11(b) ). Another important modification is the incorporation of buildings in the DTM, so that modelled overland flow is forced to flow around and not through buildings. As building data were available in vector format, the polygons were converted to raster format and added to the raster DTM assuming a uniform building height of 4 m.
Results from the preliminary modelling also enables the identification of backwater areas, which hint to possible culverts (Figure 12 ). During a site visit, culverts were localised and their diameter was measured. In-and outlet points of culverts, as well as maximum discharge, are stored in textfiles and processed within FloodAreaHPC during the simulation. Figure 12 (b) shows that unrealistic backwater effects disappear when culverts are incorporated in the model.
Based on the preliminary flood modelling, 'risk hotspots' were mapped and GPS-tagged photos of 'risk hotspots' were taken during the site visit. This provided the basis for the planning of mitigation measures, which will be described in a further publication.
Results and discussion

Pluvial flood hazard maps
Model results are visualised in large-scale maps (1:5000) to allow for a detailed assessment of pluvial flood hazard on property level. The maps show maximum flow depths over all time steps of the simulation. This information helps to identify potentially flooded buildings for an event of comparable magnitude as the modelled scenario ( Figure 13 ). For special purposes (e.g. emergency planning), it is possible to include flow directions and velocities in the maps as well.
Validation of results
A validation of the model approach was performed during another project comprising eight communities in the Glems catchment (west of Stuttgart, Southwest Germany). Flow paths were mapped after a pluvial flood event and flood model results were compared to mapped flow paths and photos of overland flow and ponding areas taken during the event. It was found that modelled flow paths and ponding areas corresponded well with mapped flow paths and ponding areas. Figure 14 shows that during the 2010 event a flow path with 5-10 cm flow depth from rural areas entered the settlement, which is also represented in the flood hazard map. Locations of fire brigade alarmings, mostly due to flooded cellars, were compared with mapped flow paths and flow depths showing an over all good spatial correlation.
A comparison of modelled and mapped flood extents was not performed. On the one hand, flood extents at hillslopes might deviate from actual flood extents due to vertical inaccuracies in DTM data. On the other hand, there are also inaccuracies in mapped flood extents -and these inaccuracies are impossible to quantify. For these reasons, a comparison of modelled and mapped flood extents is of limited value and was therefore neglected.
Pluvial flood hazard maps for Unna were reviewed by local civil engineering experts, who confirmed the plausibility of the model results. Several of the identified risk hot spots, like for instance a school, were already known to local authorities and confirmed pre-existing knowledge of areas at risk. However, this only applies for areas which had already been affected by pluvial flooding in the past. Further hotspots could be identified which were not known as being areas at risk of pluvial flooding.
Discussion
High resolution topographic data and data preprocessing
The model delivers realistic results and proves to be a very useful tool to assess pluvial flood hazard over large areas using high-resolution topographic data. The introduction of HPC techniques enables to overcome past limitations of area size and long computation times as described by Petroselli, 2012 . The advantage of not having to resample the original DTM data to a coarser resolution is that hydraulically relevant topographic details are retained to provide the best surface representation available. However, there also remain some challenges. LiDAR technology has improved considerably over the last years, but e.g. the representation of small ditches in forested areas is sometimes not accurate enough. Also, current DTM spatial resolutions of 1 m are not fine enough to represent hydraulically relevant structures such as walls surrounding estates or curbs, which can significantly alter overland flow (Fewtrell et al., 2011) .
For this reason, these structures were mapped in the field and incorporated in the DTM. A comparison between the preliminary model results (with original DTM data) and final model results (with modified DTM data) shows that it is also necessary to include breaches in the DTM, e.g. at underpasses (Figure 11 ). To get reliable results, it is mandatory to consider culverts in the model to avoid unrealistic backwater effects when ditches or streams are crossed by a road or railway tracks. To study the effect of fully or partly blocked culverts on downstream flood depths, it would also be possible to reduce culvert discharge in the model accordingly. The drawback of the approach is that the collection of relevant field data takes some effort and time and cannot be automated. For the study area with 144 km 2 size, the site visit took 2 days.
The question of precipitation input
Another challenge in pluvial flood modelling is to establish an appropriate heavy rainfall event storm profile for specific return periods. As mentioned in Hydrologic model: rainfall-runoff in urban and nonurban areas section, extreme rainfall statistics can be useful to define model scenarios, but rainfall values for specific return periods have to be dealt with caution. Further research on extreme rainfall statistics is necessary to provide more reliable precipitation values for distinct return periods, to be used as input for pluvial flood modelling. Currently, a practical approach is to refer to statistical rainfall values, such as KOSTRA in Germany, but also to define another rainfall scenario that exceeds the precipitation value for a return period of 100 years notably. Research on maximal rainfall values in the vicinity of the study area can hereby help to define such an extreme scenario, because oftentimes there have been rainfall events in the region exceeding the precipitation value for a return period of 100 years. For example, in this study, it was decided to use a value twice as high as the value for a return period of 100 years to account for an extreme rainfall event.
Hydrologic model: advantages and drawbacks
In the current model setup, the hydrologic preprocessor uses a combination of the physically based Green-Ampt approach and runoff coefficients which vary according to land use, soil, and slope. Advantages of the approach are that runoff coefficients and thus the amount of direct runoff vary over time and that they are adapted to German land-use conditions.
A drawback of the concept used in the hydrologic preprocessor is that although infiltration is calculated using a physically based approach, the final runoff coefficient is still dependent on modeller's choice, who selects appropriate runoff coefficients for each land-use class based on literature values. Furthermore, the number of parameters increases and detailed soil maps are necessary to derive these parameters. Sensitivity analyses to assess the influence of soil dependent parameters and runoff coefficients on peak flows, flow depths, and flood extents would be desirable and should be a focus of further studies.
As an alternative, the Green-Ampt for Curve Numbers (CN4GA) approach described by Grimaldi, Petroselli, and Romano (2013) could be used in the hydrologic part of the model set up. The CN4GAmodel shows little sensitivity regarding input hydraulic soil parameters which would make it a useful model to be used for the estimation of effective precipitation of subdaily events. The advantage of the modular set up with FloodAreaHPC as the core element is that other hydrologic models can easily be implemented.
Hydraulic modelling and urban drainage
The incorporation of urban drainage is yet another issue to be tackled. The simplified consideration of the drainage system in the current modelling approach assumes that the sewer network works properly and that the amount of surface runoff entering the sewer system is the same everywhere.
Also, the approach does not take into account the possibility of blocked sewers or sewer overflow. Both phenomena of course can happen during a heavy rainfall event. If drainage network data were available, a bidirectional coupling of a sewer model with a 2D hydrodynamic model would enable the modelling of sewer overflow. Besides its complexity, the drawback of such a modelling approach would be an immense computational effort. In this context, also the reliability of sewer network data in terms of current conditions has to be discussed.
Considering the fact that the modelled rainfall scenarios by far exceed the design rainfall of urban drainage systems, the question is how much surface water can enter the sewer network. During heavy rainfall events, drainage can be reduced or blocked by debris, mud, leaves, or hail. The problem within the model context is that blocked sewers cannot be predicted. Another challenge is that the amount of surface water entering the sewer system is decreasing with increasing flow velocity. Especially, in streets with high inclination, a large amount of water will flow over the manhole cover (DWA, 2013). Although it would be possible in a coupled model to take the slope into account when calculating sewer inflow, laboratory studies show that not surprisingly also the design of manhole covers determines how much water can enter the sewer system. Information on manhole covers however is rarely available and impossible to map for larger areas.
To sum up, the model representation of urban drainage needs to be simplified and further research on appropriate model setups is necessary. Also, the limitations of the applied methodology of any model setup should be communicated when the results are further used in the flood risk management process.
Conclusion
Advances in modelling technology (raster-based 2D hydrodynamic model with multicore processing) and the nationwide availability of high-resolution input data (DTM, land use, and soil) enable the production of detailed pluvial flood hazard maps for large areas in a single workflow. Rainfall scenarios should be defined according to heavy rainfall statistics, but also an extreme event which clearly exceeds the 100-year probability of a 60-min heavy rainfall should be taken into account, in order to prepare for a worst case scenario.
Further improvements of the model approach pertain first of all the hydrologic model with regard to a consideration of soil moisture and the incorporation of macropore flow.
Regarding the use of pluvial flood hazard maps in PR campaigns to inform people about potential flood hazards, but also to convince planners to consider the findings in planning processes, it appears necessary to make use of the highest quality input data available regarding spatial resolution and accuracy to ensure high quality results. Obviously, only high quality results which are considered plausible by flood experts will have the potential to be accepted by the public, local authorities, and experts of other fields. A high level of acceptance of pluvial flood hazard maps in turn is necessary to take further steps in the risk management process.
